Radiation flux mapping of OPE spacecraft models, phase 1 by unknown
General Disclaimer 
One or more of the Following Statements may affect this Document 
 
 This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 
 
 This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 
 
 This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 
 
 This document is paginated as submitted by the original source. 
 
 Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 
 
 
 
 
 
 
 
Produced by the NASA Center for Aerospace Information (CASI) 
https://ntrs.nasa.gov/search.jsp?R=19700024696 2020-03-11T23:10:28+00:00Z
J 
1 
I 
I 
I 
(CODE) 
:J..d.,., 
(CATEGORY) 
7/b 
6 Hittman Associates. Inc. 
• 
J 
:" 
I 
'" :.~:,', - .. 
;' ... : 
. :.~'.~ 
.. ~. 
.. -
'.!;;,,/ .. :\~. '"~/ .. 
';.'. ·:"~~::'~:·,:::\·::·,··:~:~:;.·i~~::,.~~:;.:. .. 
;. .. ., .:~.'~- .... }: 
? 
"" ', .. 
. ,~' : .. :' '.: 
.. .' 
~,: -,t:··· ;,". " 
RADIATION FLUX MAPPING 
OF 
OPE SPACECRAFT MODELS 
, 
Phase I "f~ 
HIT - 439 
March 1970 
Prepared Under 
NASA Contract No. NAS 5-11225 
HITTMAN ASSOCIATES, INC. 
COLUMBIA, MARYLAND 21043 
• \ 
. , .. 
£ f.Ta uu. 
.;~:;. ,. .. ' 
. ': . 
aJ!iiMfIi tr 
• . .. 
LEGAL NOTICE 
• 
A. .... 
This report was prepared as an account of Government sponsored work. Neither the United 
States, nor the National Aeronautics and Space Administration (NASA), nor any person acting on 
behalf of NASA: 
A. Makes any warranty or representation, expressed or implied, with respect to the 
accuracy, completeness, or usefulness of the information contained in this report, or that the use of 
any information, apparatus, method, or process disclosed in this report may not infringe privately 
owned rights, or 
B. Assumes any liabilities with respect to the use of, or for damages resulting from 
the use of any information, apparatus, method or process disclosed in this report. 
As used in the above, "person acting on behalf of NASA" includes any employee or 
contractor of NASA, or employee of such contractor, to the extent that such employee or 
contractor of NASA, or employee of such contractor prepares, disseminates, or provides access to, 
any information pursuant to his employment or contract with NASA, or his employment with such 
contractor. 
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FOREWORD 
The work described in this report was sponsored by NASA GSFC under Contract 
NA55-11225. It covers the first phase of a three-phase contract involving the radiation analysis of 
OPE spacecraft models. 
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I. INTRODUCTION AND SUMMARY 
Spacecraft equipped with radioisotope thermoelectric generators (RTG) present a unique 
problem with respect to any of the on board radiation sensors. Photon and neutron emission from 
the radioisotopic fuel can seriously perturb the measurement of the extremely low particle flux 
fields in the vicinity of the spacecraft. Even when sufficient shadow shielding of primary RTG 
radiation is present between the RTG and the radiation sensor, scattered radiation can be a 
problem. The RTG and sensor booms, and the spacecraft itself, constitute potential scatter zones 
for the RTG radiation. 
The goal!: of the study are to develop analytical techniques and to apply these techniques in 
evaluating the primary and scattered RTG radiations with respect to selected OPE spacecraft 
models. In addition, an optimization scheme will be developed for the purpose of analyzing 
minimum weight shields. 
The overall effort consists of three phases: 
The conversion of FASTER to the IBM 360/95 configuration and the preparation of 
pertinent nuclear data for the OPE spacecraft shielding studies. 
The detailed flux mapping of a pair of RTG's and representative RTG-spar:ecraft 
configurations. 
The development of an optimizLltion code for minimum weight shield analysis. 
The report summarizes the results of the first phase. The nuclear data are presented in 
Chapter II. The FASTE R code conversion and benchmark calculations are described in Chapter III. 
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II. PERTINENT NUCLEAR DATA FOR THE OPE 
SPACECRAFT RADIATION FLUX MAPPING ANA.LYSIS 
This section contains most of the necessary nuclear data for c"llculating the radiation flux 
maps with respect to an OPE spacecraft equipped with ml'ltiple, SNAP-27 RTG's. The data are 
intended to be used as part of the input for the FASTER code. 
A. PHOTON AND NEUTRON EMISSION SPECTRA 
The photon emission spectra were obtained from the calculated data presented in Reference 
1. Each distinct source of photons (e.g.,Pu-238, Pu-2:39, fission, etc.) has been calculated separately 
as a function of fuel age. This approach allows the spectral evaluation of fuels of various ages and 
isotopic compositions. Table 1 contains the photon emissicn rates for freshly made Pu02 fuel. 
Figure 1 shows the effect of aging on the photon emission rates. 
Experimental data for the neutron emission spectrum are reasonable down to about 1.0 
Mt:v. Measured data at lower energies are inconclusive since there is evidence that the measurements 
are contaminated by the photon background. Figure 2 shows a measured Pu02 spectrum taken 
from Reference 8. The low energy portion of the neutron emission spectrum can be approximated 
by the eql ation 
N(E) -- CEn e - E/e (1 ) 
where C,n, and E are curve fitted constants. The constants can be adjusted, so that N(E) matches 
the measured spectrum shown in Figure 2. Thus, we have: 
N(E) = 20.5E 6.33 e-E/O.395 (2) 
Equation (2) was used in obtaining the dashed portion of the overall Pu02 neutron emission 
spectrum shown in Figure 2. The spectrum is shown on a relative basis. It can be normalized to any 
total specific neutron emission rate. Specifically, the FASTER code accepts relative spectra and 
autCimatically normalizes therr, to an input specified total source strength. 
B. PHOTON AND NEUTRON CROSS SECTIONS 
The LA-3753 compilation (Ref. 2) was used as the source of all photon cross sections 
(0.001 to 100 Mev for Elements 1 through 100), The photon cross sections were obtained in the 
form of mass atteliuation coefficients, (p./p), whose units are in cm2/gm. The coefficients 
correspond t6 total narrow beam interaction minus coherent scattering events. Graphical 
interpolation was used to obtain mass attenuation coefficients as a function of the average photon 
group energy for each material. 
A set of microscopic Sn type neutron cross sections was obtained from the Jet Propulsion 
Laboratory (Ref. 3). The cross section energy group structure is shown in Table 2. A separate 
subroutine was written for converting the Sn type data into a format ac:ceptable to the FASTER 
code. The Sn data also contain absorption and fission cross sections, but these are not used by the 
FASTER code. Table 3 contains a list of the elements which artl present in the above cross section 
set_ 
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TABLE 1. PHOTON EMISSION RATES FOR FRESH Pu02 
(photons/sec-gm Pu02) 
Energy 
Interval 
(Mev) Pu-238 Pu-239 Pu-240 Pu-241 Pu-236 Fission 
6.0-7.0 5.00+0 
5.0-6.0 1.40+1 
4.0-5.0 4.50+1 
3.0-4.0 1.47+2 
2.0-3.0 5.80+2 
1.8-2.0 2.64+2 
1.6-1.8 4.00+2 
1.4-1.6 4.08+2 
1.2-1.4 3.56+2 
1.0-1.2 1.26+3** 4.15+2 
0.9-1.0 8.12+3 4.33+2 
0.8-0.9 1.25+4 9.00+2 
0.7-0.8 1.24+5 U)04+3 
0.6-0.7 3.00+2 4.30+1 5.00+1 1.192+3 
0.5-0.6 5.62+1 1.248+3 
0.4-0.5 2.65+3 1.32+3 
0.3-0.4 5.92+3 1.39+3 
0.2-0.3 5.45+4 1.33+3 3.82+2 
0.044-0.2 2.17+8 3.63+4 4.42+4 2.30+2 
0.001-0.044 5.91+10 3.06+5 0.0 
* Includes prompt and fission product gammas 
* *The notation 1.36+3 is to be read as 1.36 )( 103 
0·18Ia,n) Total 
5.00+0 
1.40+1 
4.50+1 
1.47+2 
3.60+2 9.40+2 
1.80+2 4.44+2 
4.00+2 
4.08+2 
8.90+2 1.25+3 
1.78+3 
8.56+3 
1.34+4 II 
1.24+5 
1.59+3 
1.30+3 
3.97+3 
4.00+3 1.13+4 
5.62+4 
2.17+8 
5.91+10 
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TABLE 2. NEUTRON CROSS SECTION GROUP STRUCTURE 
Group 
Number 
2 
3 
4 
6 
6 
7 
8 
9 
10 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
6 
Group Energy 
Inter '(Mev) 
8.66· 10.0 
6 .ae· 8.6F 
5.18·6.66 
4.46·6.18 
4.04 ·4.46 
3.H ·4.04 
2.45·3.14 
1.91 ·2.46 
1.49 ·1.91 
1.16 ·1.49 
0.90 ·1.16 
0.702·0.90 
0.646 . 0.701 
0.331·0.546 
0.201 . 0.331 
0.122·0.201 
0.0449 . 0.122 
0.017 . 0.0449 
6,66)( 10-4.0.017 
3.0)( 10.6.6.65)( 10-4 
3.0)( lG-6·3.0)( 10'6 
1.0)( 10.7.3.0)( 10-6 
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TABLE 3. LIST OF ELEMENTS WITHIN NEUTRON CROSS SECTION SET 
1 Hydrogen 
2 Lithium-7 
3 Beryllium 
4 Boron 
5 Carbon 
6 Oxygen 
7 Magnesium 
8 Aluminum 
9 Silicon 
10 Titanium 
11 Chromium 
12 Manganese 
13 Iron 
14 Nickel 
15 Zirconium 
16 Molybdenum 
17 Tantalum 
18 Tungsten 
19 Lead 
20 Plutonium-238 
21 Plutonium-239 
22 Plutonium-240 
23 Plutonium-241 
24 Plutonium-242 
25 Curium-244 
26 Deuterium 
27 Lithium-6 
28 Sodium 
29 Potassium 
30 Thorium-232 
31 Uranium-233 
32 Uranium-234 
33 Uranium-235 
34 Uranium-238 
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C. RANDOM SAMPLING PARAMETERS 
The FASTER program uses random sampling techniques in selecting a distinct source 
region, and a spatial position and angular direction of a source particle within that region. 
Thereafter, random sampling is employed in establishing the successive positions of the first and 
higher order scatters. In addition, random sampling is used in evaluating definite integrals. For 
example, the integral of some function f(x) in the range R(x) is usually expressed as follows, 
1= f f(x) dx (3) 
R(x) 
Conventional numerical integration would involve a subdivision of the range R(x) into N 
number of intervals. The integrand f(x) would be systematically evaluated at some characteristic 
point xi, e.g. the interval midpoint, and the value of I would be approximated by the sum over all 
intervals; i.e., 
(4) 
The Monte Carlo random sam~ling integration process uses the following approach. Suppose 
the integral in Equation (3) is rewritten as: 
I = f f(x) dx = f 
R(x) R(x) 
with the condition that 
f R(x) p* (x) dx = 1 
p'* (x) ~ 0 
p* (x) > 0 if f(x) > O .
f (x) 
p* (x) p* (x) dx = f f* (x) p* (x) dx R(x) 
The function f*(x) can be approximated by an average of N random evaluations of f*(x), 
N 
f* (x) = -L l: f*bC;) . 
N i=l 
8 
(5) 
(6) 
(7) 
, 
I 
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Consequently, the integral of equation (3) can be evaluated as; 
N 
I = f R(x) fIx) dx = f R(x) f*(x) p*(x) dx = 1:r ~1 f*(xi) f R(x) p*(x) dx 
N 
I = ..L I: f* (xi), 
N i=1 
(8) 
where the values of xi are randomly selected trom the probability density function p*(x). By 
rewriting Equation (8) in the form 
N 
I = ~ f (Xi) b, xi (9) 
1=1 
where 
1 
Np* bG) 
we see the resemblance to the conventional numerical integration of points Xj, i. e. random 
versus systematic. 
The FASTER program performs all random sampling with or without biasing. The choice 
can be specified by the user. In the unbiased mode, all source zones and source particle positions 
and directions are equally important. By introducing appropriate random sampling parameters, a 
biasing of the sampling process can be effected. The main reason for biasing is to make the sampling 
more efficient. Thus with suitable biasing, the same result can be computed with a smaller number 
of samplings. 
The description of the random sampling parameters used by the FASTER program is 
presented in the following subsections. 
1. Relative Source Importance 
In the case of two tandem RTG's, a plane between the two RTG's, perpendicular to the 
common RTG axis, constitutes a plane of symmetry. An isotropic detector anywhere within the 
plane will register equal responses from either RTG. In this case, the relative source importance is 
exactly 0.5 for each RTG. In a more approximate sense, the two RTG's art: about equally important 
with respect to most points on or within the spacecraft. 
The situation is quite different with respect to the boomed detectors, where the random 
RTG's are viewed axially. With respect to neutrons, attenuation by materials will be insignificant. 
Thus the relative importance of each source region within the RTG's can be based on geometric 
attenuation alone. The relative neutron responses due to the two RTG's can be written as: 
9 
L_~ .... 
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I 
I 
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71 ] m __ 77 
1 
[x(+)h]2 
where x and h are as indicated in Figure 3. 
The relative neutron source importances of RTG's 1 and 2 are: 
NI = 
(~) 
Note that: 
NI2 = 1-N11 
= 
1 
1 JX(+)h]2 
'Lx (±)h 
Typical values of h and x for OPE spacecraft systems are (Ref. 4) 
h = 32.3 em 
x =643cm 
Tn 
(10) 
(11 ) 
(12) 
so that N 11, the relative importance of the RTG nearest the boomed detector, is 0.55. The relative 
neutron importance of the second RTG is 0.45. 
Ip the case of photons, attenuation by materials is the predominant process, so that a point 
source response at the detector is characterized by an exponential kernel. Summing over all source 
points we find that photon responses due to RTG's 1 and 2 of Figure 3 are: 
PR1 = 1 (1 - e-2Pt) 
pIx-h) 2 
PR2 = 1 e-2pt (1 _ e-2pt) 
p (x+h)2 
where p is the mass attenuation coefficient of the source material at some photon energy, E; 
The relative photon source importances of RTG's 1 and 2 are of the form; 
PR 1 
= 
1 
1 J,x-h ) 2 e -2pt 
"\x+h 
10 
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Figure 4 shows a plot of PI1 versus J..Lt. Since the FASTER program accepts only an energy 
independent source importance, it is necessary to determine PI1 and PI2 for some spectrum 
averaged value of J..Lt. It can be seen from the figure that for sources with soft spectra, the RTG 
nearest the detector is of prime imporlance, as expected. Conversely, spectra consisting of hard 
gammas experience very little attenuation by materials, so that tht! relative importance of the two 
RT(j's is predominantly dut: to geometric effects. 
2. Source Variable Preferred Values and Relative Importances 
The source particle distribution is completely described by five coordinates, three spatial 
and two angular. The initial birth and flight of anyone source particle is determined by the random 
sampling of each of the five source coordinates within the selected source region. As in the case of 
source region selection, the sampling of each of the source coordinate variables can be biased for a 
more efficient computation. 
The determination of the random sampling parameters for biasing the source coordinate 
sampling cannot be easily analyzed. However, certain inferences can be made by examining the 
source and source-detector configurations. For example, suppose the RTG source regions are 
described in a cylindrical coordinate system where the z-axis coincides with the RTG axes. The 
boomed detector can be represented by a point on the z-axis at some distance away from the 
RTG's. In this configuration, the azimuthal distribution of the source is completely symmetric with 
respect to the detector, so that the relative importance of all source azimuths is unity. The radial 
distribution of the source is almost symmetric with the respect to the detector, due to the 
slenderness of the source zones. However, the axial distribution of the source is highly asymmetric 
with respect to the detector. Thus, the sampling of the axial source distribution is amenable to 
biasing. 
The axiai direction, the relative importance of the axial coordinate of a source point varies 
exponentially due to attenuation by materials, and as the inverse square of the distance due to 
geometric attenuation. This information can be supplied to the FASTER program by specifying an 
arbitrary axial coordinate within a source region as a reference point (e.g., the source coordinate 
closest to the detector). This point can be assigned a relative importance over a point furthest away 
from the detector. Thus, if the reference axial coordinate is designated as zo, then the relative axial 
source coordinate importance within RTG 1 is expressed as; 
1 
[ x - (h + t) ] 2 
e-2J..Lt 
[ x - (h-t) ] 2 
where x, h, and t are as indicated in Figure 3. 
x - (h-d 12 
x - (h+t) ] (16) 
The value of the source mass attenuation coefficient, J..L , is characteristic of tile average 
source spectrum energy. 
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For the OPE configuration given in Reference 4, Equation (16) reduces to 
(17) 
Similarly, for RTG 2, 
(18) 
[x+ (h + t) ] 2 
3. Relative Group Importance 
Since the establishment of the k th scatter point is done on a basis of an average spectral 
energy, it is useful to) assign a relative importance for each of the source energy groups. This 
permits the proper weighting of each energy group with respect to the detector response spectrum. 
The bias parameter associated with each source energy group can be equated to the flux-to-detector 
response conversion factor, or detector efficiency at the average source group energy. If biasing 
is not desired, a value of unity can be specified for each of the energy groups. 
4. Linear Buildup Coefficients 
Since a buildup factor is a measure of the scattered radiation contribution, it can be used in 
estimating the importance of future scattering events. Thus, the establishment of anyone scatter 
point can be biased via the linear buildup factor. This is d.me by the FASTER program in 
conjunction with the group importance biasing. Thus, the average source energy E with respect to 
the detector is computed from the following equations: 
l; G· E· j J J E = 
l; G. (19) j J 
g' S' e -17j (1 + b'77" 
G = • J J J J j l;. 
(20) 
J 
14 
I 
I 
:1 
I 
, 
J 
L 
:g it . 
where: 
E. 
J 
g. 
J 
S. 
J 
l. 
J 
11· J 
= 
= 
= 
= 
energy of jth source energy group 
. 
. 
relative importance of jth source energy group 
relative source strength of source energy group 
cross section of the jth source energy group 
• 
number of mean free paths between the source region and the detector for the 
jth source energy group 
The parameter bj can be obtained, for each energy group, from the slope of the buildup 
factor versus 11 in Reference 5. The procedure is limited to the evaluation of bj for a single 
representative material. In most cases examination of the shielding configuration can reveal the 
identity of the predominant scattering material. For example, in the case of the OPE 
RTG-spacecraft configurations, the bulk of scatterings will occur within the RTG materials, i.e., 
fuel, fuel capsule, thermoelectrics, and RTG outer container. 
5. Heavy Element Scattering Importance 
Particles moving in a direction tC'. \/liard the detector can be scattered by more than 90 
degrees, so that their new directions are pointed away from the detector. In a heavy material, such 
particles have a significantly reduced possibility of ever reaching the detector. Thus, computational 
efficiency is improved when a low importance is assigned to these particles. 
In the FASTER program, the heavy element scattering importance is expressed in the form 
of a ratio of forward-to-backward sC?ttering importance for eacl'; energy group. For neutrons, a 
constant value of 10.0 for each energy group is recommended by the FASTER code author. 
Photons can be accounted for by the ratio (Ref. 6). 
~; (00 scatter) x Energy After Scatter (00) 
R = (21 ) 
:~ ( 180° scatter) x E nergy After Scatter (180°) 
Application of the Klein-Nishina formula to the above ratio yields the following: 
R = 2 (22) 
P 2(1+p) 
11' 11' 
15 
,'. 
where 
= 
= 
1 
2Eo 
1+ --
m C2 o 
energy before scatter, Mev 
• 
« \ 
electron rest mass energy, Mev 
, 
(23) 
The ratio in Equation 22 has been incorporated as an option within the FASTER program. 
Thus, the program user merely specifies the pnoton group energies, and the appropriate ratios are 
computed within the FASTER program. 
16 
, 
, , 
} """ 
~-: 
a 
i 
fi 
~ 
'1 
-I 
,4 
"i .~ 
j 
:"1 
- ~ 
::' ~ __ .E~...:= __ 
, " 
,. 
. 
. , 
III. THE FASTER PROGRAM 
A. CODE CONVERSION TO THE IBM 360/95 CONFIGURATION 
" 
" 
" 
,-
/ 
/ 
The current version of the FASTER Program is operational()~ the IBM 360/91 
configuratioli. This wa~ dictated by the accessibility and a reasonable turnaround time of the IBM 
360/91 facility at GSFC. The ultimate conversion to the IBM 360195 configuration should not 
present major difficulties. The FASTER Program is writt~·to.date FORTRAN version and 
is compiled under the IBM 360 FORTRAN·H compiler&elease 182 This compiler is also available on 
the IBM 360/95 configurcaion. The input/output routinel; -disk and drum storage, and core size 
limitations are comparable within both configurations. It is anticipated that the conversion to the 
IBM 360/95 configuration will be limited to control card changes. 
B. BENCHMARK CALCULATIONS 
The accuracy and operational status of the FASTER program was checked out by 
calculating idealized radiation attenuation prDblerns The ability of the code to account for multiple 
scattering was checked out by computing the photon energy spectra due to a monoenergetic point 
source in an infinite aluminum medium. The adaptability to complex geometries was verified for a 
simplified RTG·spacecraft configuration. The following subsections present the results obtained 
from these calculations. 
1. Aluminum Sphere 
An infinite aluminum medium was approximated by a large aluminum sphere, having a 
radius of 31 mean·free·paths. A 3 Mev point source was placed at the center of the sphere. 
A calculation was performed with 1000 particles, allowing up to 30 scatters for each 
particle. The results were compared with the moments method data and the Monte Carlo 
calculations presented in Reference 7. The comparison is shown graphically in Figure 5. Considering 
the relatively ~mall number of particle!. used in the FASTER calculation, the agreement is 
reasonable. Figure 6 shows the behavior of the energy spectra as a function of order of scatter. It 
can be seen that beyond fo~r scatters the energies of most of the photons arriving at the detector 
are below 0.5 Mev. 
2. Idealized RTG·Spacecraft Configuration 
A hypothetical RTG·spacecraft was mocked up as shown in Figure 7. The RTG was assumed 
to contain a single cylindrical Pu02 fuel zone. In the case of photon attenuation, the fuel was 
enveloped with an iron capsule which in turn was surround.ld by a beryllium radiator. The 
spacecraft was mocked up by a closed cylindrical aluminum shell topped with a magnesium 
antenna. Uranium·238 was used to represent the axial shadow shield. 
The corresponding neutron attenuation problem with respect to the configuration in Figure 
7 was restricted to different materials. The format of the neutron cro'lS .ection data cards received 
from JPL was not compatible with the FASTER program. A program was written to convert the 
cross sections. Consequently, these materials were used in representing the R-~ and spacecraft 
zones with respect to neutron attenuation (see lege:ld of Figure 7). 
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Figure 5. Comparison of FASfER and COHORT 
Photon Spectra For A 3 Mev Point Source 
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MATERIALS 
Photon Neutron 
Problem Problem 
A Pu02 U·235 
B Fo Zr 
E C Be Zr I ;, ., 0 U·238 U·235 E Mg Zr ' ~.:::. F AI Zr G VKUum Vacuum 
9 I DETECTOR COORDINATES G 
X Y Z 
~ 
1 0,0 0,0 45.0 
3 I I 2 0,0 0,0 610.0 • 3 28.0 210.0 15.5 
" 
•. ",r 
y 
Y3 
_.J • 
c 
z 1 
Z2 
Figure 7. Hypotll"tical RTG Spacecraft Configuration 
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The results obtained for pht,tons and neutrons indicate the following: 
(1 ) 
(2) 
(3) 
(4) 
(5) 
The FASTER prog,am is fully capable of calculating photon and neutron scattering 
by complex RTC. and spacecraft material zones. 
The minimt:.n number of scatters for photons having energies above 0.8 Mev is 
about fuur. A~ lower energies as many as 10 scatters have to be calculated for a 
typical RTG-spacecraft configuration. 
The minimum number of neutron scatters varies from five for fast neutrons (>1 
Mev) to 15 or more for some of the lower energies. 
Spacecraft scattered photon contributions to a boomed detector will be primarily 
from photons below 300 Kev. The lateral spacecraft walls are more important 
photon scatterers than the spacecraft top, bottom, or antenna. 
Neutron scattering contributions by the spacecraft regions show a peaking at 1 Mev. 
Since the input neutron spectrum was constant with energy, the peak would be 
expected to shift closer to 2 Mev for an actual Pu02 neutron spectrum. A more 
quantitative conclusion cannot be made since the results correspond to the arbitrary 
configuration of an all zirconium spacecraft. 
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